This study was conducted for identification of the quantitative trait loci (QTL) associated with the color of flour and noodle dough sheets for the production of white salted noodles by analysis of a doubled haploid population from a cross between Korean wheat cultivars carrying different color values for the flour and noodle dough sheets. The DH population was evaluated in replicated field trials in 2011 and 2012 in upland conditions in Iksan, Korea. The color differences were measured as CIE-LAB L, a and b values. Xgwm190 located on chromosome 5D explained 13.3%-22.8% of the phenotypic variation in the color of flour over the average of two years. Xgwm190 also explained 11.8% and 24.1% of the phenotypic variation for the L and b values of the noodle dough sheets for the average of two years, respectively. Xbarc81 and Xgwm133 accounted for 7.9% and 9.8% of the phenotypic variation in the b value of flour produced in 2012 and the noodle dough sheets from flour produced in 2011, respectively. The putative marker for flour and noodle dough sheet color, Xgwm190, was applied to validate the relationship between genotypes of 24 Korean wheat cultivars. Fourteen of the Korean wheat cultivars contained genotype a, which represented homozygous to Keumkang at Xgwm190, showed lower L values of the flour and noodle dough sheets (91.6 and 83.5, respectively) than genotype b (93.6 and 85.1, respectively), which represented homozygous to Olgeuru at Xgwm190. Xgwm190 could be used for the selection of wheat lines with bright color in Korean wheat breeding programs.
Introduction
The color of flour is a main consideration of determining the acceptability in noodles to consumers, albeit noodles are produced in wide ranges of color. Noodle color is mainly affected by the color of flour due to the simple formula and processing compared to bread-baking (Huo, 2001; Fu, 2008) . There are two distinct categories of noodles based on the type of salt (Fu, 2008) . White salted noodles, which are made from dough with flour, water and salt content based on the flour weight, are widely consumed in Korean and Japan (Fu, 2008) . Bright color, ranging from white to creamy white, is desirable for white salted noodles, whereas a bright yellow color is preferable for yellow alkaline noodles (Huo, 2001; Fu, 2008) .
Flour color includes complex attributes, such as pigments of starchy endosperm, pericarp and pigments in the aleurone of wheat grain, as well as the flour extraction ratio, particle size, protein and ash content, and microbial contamination (Miskelly, 1984; Mares & Campbell, 2001 ). The brightness of flour decreases with increase of the particle size as well as the protein, ash, damaged starch and tailing starch content, which causes dull color in white salted noodles (Huo, 2001; Fu, 2008) . Slow discoloration is also important because the noodles are often stored raw for several days prior to cooking, during which discoloration can occur due to the effects of polyphenol oxidase, which is generally derived from the seed coat (Hatcher & Kruger, 1993; Fuerst et al., 2006) . Therefore, execution of the correct milling procedures and inclusion of an appropriate range of protein content is important to maintain the brightness of white salted noodles (Huo, 2001; Fu, 2008) . The factors related to the color of flour and the resulting noodles are genetically quantitative, often influenced by the environment and exhibit high genotype × environment interaction (Mares & Campbell, 2001; Davies & Berzonsky, 2003; Graybosch et al., 2004; Zhao et al., 2013) .
Major QTL associated with the color of flour have been found on all chromosome arms using recombinant inbred lines, DH populations and the genetic resources of common wheat (Triticum aestivum L.) (Mares & Campbell, 2001; Kuchel et al., 2006; Zhang et al., 2009a Zhang et al., , 2009b Sadeque & Turner, 2010a; Bordes et al., 2011; Li et al., 2011; Tsilo et al., 2011; Roncallo et al., 2012; Zhao et al., 2013) . The QTL for yellow pigments, polyphenol oxidase and carotenoid genes were also found to be associated with the flour and noodle color (Marles & Campbell, 2001; Raman et al., 2007; He et al., 2008; Zhang et al., 2009b; Sadeque & Turner, 2010b; Crawford et al., 2011; Martin et al., 2011; Crawford & Francki, 2013a , 2013b .
Korean wheat breeding programs have recently focused on the quality improvement of white salted noodles, and over 30 cultivars have been developed since the 1970s. However, few cultivars have been used in the production of white salted noodles because the consumers prefer cultivars which provide bright creamy color and soft texture of the cooked noodles. The objective of this study was to perform QTL analysis for the color of flour and noodle dough sheets using doubled haploid population crosses Keumkang and Olgeuru to gain an understanding of the genetic basis for improvement of the color in Korean wheat breeding programs. Keumkang, developed in 1997, is the most commonly grown cultivar in Korea, possessing good milling quality and medium dough strength, but its color is a little dull (Nam et al., 1998) . Olgeuru is a soft red cultivar used for making white salted noodles, and has a brighter color than Keumkang (Nam et al., 1995) .
Materials and Methods

Plant Materials
A population of 114 doubled haploid lines was derived from F 1 plants of Keumkang and Olgeuru crosses using the wheat × maize system according to the procedures of Inagaki and Mujeeb-Kazi (1995) at International Maize and Wheat Improvement Center (CIMMYT, El Batan, Mexico). The doubled haploid lines were grown at the Crop Experimental Farm of the National Institute of Crop Science, RDA (Iksan, Korea), for seed multiplication in 2009. Field trials were performed in randomized complete blocks with 3 replicates in upland conditions from 2011 to 2012 in Iksan, Korea. Twenty-four Korean wheat cultivars were also cultivated under the same conditions as the DH population in 2013. The seeds were sown on October 25, and each plot consisted of three 4 m rows spaced 25 cm apart. The plots were combine-harvested on June 20. Fertilizer was applied at 5: 7: 5 kg/10a (N: P: K) before sowing. Weeds, insects and disease were stringently controlled. No supplemental irrigation was applied. The grains from each plot were dried using forced air driers and bulked from replications to provide grains for color measurement.
Color of Flour and Noodle Dough Sheets
Wheat was milled with a Bühler experimental mill, according to the AACC International Approved Method 26-31.01. (2010) . Two kilograms of wheat were conditioned overnight to reach 15% moisture content and then milled at a feed rate of 100 g/min with roll settings of 8 and 5 in break rolls, and 4 and 2 in reduction rolls. Noodle dough sheets for white salted noodles were prepared with 34% water absorption of the noodle dough according to the description of Park and Baik (2002) . Flour (100 g, 14% mb) was mixed with a determined amount of sodium chloride solution in a pin mixer (National Mfg. Co., USA) for 4 min, with a head speed of 86 rpm. The concentration of sodium chloride solution for making noodles was adjusted to 2.0% sodium chloride. Crumbly dough was passed through the rollers of a noodle machine (Ohtake Noodle Machine Mfg. Co., Japan) running at 65 rpm with a 3-mm gap to form a dough sheet, and then the dough sheet was folded and put through the sheeting rollers. The folding and sheeting were repeated twice. The dough sheet was rested for 1 hr and then put through the sheeting rollers three times at progressively decreasing gaps of 2.40, 1.85 and 1.30 mm. After the last sheeting, the dough sheet was cut into 5 × 10 cm portions for measurement of the color. The flour and noodle dough sheet color was measured by colorimeter (CM-2002, Minolta Camera, Osaka, Japan) with an 11-mm measurement aperture. The color differences were recorded as CIE values, including L (lightness), a (redness-greenness), and b (yellowness-blueness).
PCR Conditions
Leaf tissue was collected from a single plant of each doubled haploid line after germination for two weeks, snap-frozen in liquid nitrogen and stored at -80 C until needed. Genomic DNA was extracted from the young leaf tissue (100 mg) using a genomic DNA prep kit (Solgent Co., Korea), according to the manufacturer's instructions. DNA was quantified by Biodrop (Biodrop Ltd, UK). A total of 592 simple sequence repeats (SSRs) were used to survey the polymorphisms between the parents, and 140 polymorphic markers were used to genotype the DH populations. The PCR reactions were performed in a total volume of 15 μL containing 100 ng genomic DNA, 1X PCR buffer, 1.5 mM MgCl 2 , 0.2 mM dNTPs, 1 unit Taq DNA polymerase, and 0.2 ug/ul each primer. After an initial denaturation at 94 °C for 5min, 10 cycles (decrease of 1 °C per cycle) were performed for 1 min at 94 °C, 1 min at 63 °C, and 1 min at 72 °C, followed by 35 cycles of 1 min at 94 °C, 1 min at 55 °C, and 1 min at 72 °C with a final extension at 72 °C for 10 min. The PCR products were analyzed with the QIAxcel Advanced system using a 12-capillary QIAxcel DNA high resolution cartridge (Qiagen Co., USA).
Statistical Analysis
Statistical analysis of the data was performed by SAS software (SAS Institute, NC, USA), utilizing the Fisher's least significant difference test (LSD), analysis of variance (ANOVA) and pair-wise t-test. Analysis of variance was conducted using the general linear model (GLM) procedure, with the genotype × year component as the error term. The GLM procedure was used for the randomized complete block (RCB) analysis. Sources of variation in the model were considered to be fixed effects. PROC GLM was used to estimate the relative contribution of the loci tested for the measured traits of the 114 DH lines. The mean of each marker allele type was compared by one-way ANOVA, and differences were considered to be significant at P < 0.05, unless otherwise specified. The pair-wise t test at P = 0.05 was conducted to compare means when F tests were significant. Pearson correlations between pairs of traits were determined from the least square means of DH lines separately at each year and over all environments, using the Corr procedure. Heritability (h 2 ) on a progeny mean basis was estimated from RCM analysis using the formula h 2 = 1 -(M2/M1), proposed by Knapp et al. (1985) , where M1 is the mean square of genotype and M2 is the mean square for genotype by environment interaction (G × E) in DH populations grown in different year.
QTL Analysis
A genetic map of the DH population using 140 SSR markers identified a partial genetic map spanning 2,340.7 cM over all 21 chromosomes. Individual maps for the initial QTL detection were constructed using MapDisto (http://mapdisto.free.fr). Composite interval mapping (CIM) analysis (Zeng, 1993 (Zeng, , 1994 was performed using QTL Cartographer v2.5 for Windows (Wang et al., 2012) , based on a model 6, Forward and Backward Regression method. The walking speed for all QTL was 2.0 cM, and the probability in stepwise regression was P < 0.001. Centimorgan units were calculated using the Kosambi mapping function. Empirical logarithm of the odds (LOD) value thresholds were estimated using 1,000 permutations at an experiment-wise P < 0.01 (Churchill & Doerge, 1994) . The LOD scores for declaring QTLs were significant at 3.0. The additive value and coefficient of determination (R 2 ), based on the partial correlation of the putative QTL with the trait adjusted for cofactors in the multilocus model, were estimated based on the most significant dataset.
Results
Keumkang showed lower L value and higher a and b values of the flour than Olgeuru, but no significant differences were found in the color of the noodle dough sheet between the parental cultivars, because it was prepared with fixed water absorption in this study (Table 1 ). The frequency distributions of the color of the flour and noodle dough sheets were continuous, and transgressive segregation was observed in the DH populations based on the overall mean of two years ( Figure 1 ). The year explained for the largest proportion of the variation among flour and noodle dough sheet color, although the color may have been influenced by both genotype and genotype by environment interactions (Table 2) . However, the estimated heritability (h 2 ) of the flour and noodle dough sheet colors for in the DH population was 0.45% -0.93%. The L value of flour was negatively correlated with the a and b values and a positive correlation was observed between the a and b values of flour (Table 3) . The L value of the noodle dough sheet was also significantly correlated with the a and b values. In addition, the L and b values of the flour positively correlated with those of the noodle dough sheet, but no significant relationship was found for the a value between the parental cultivars. Note. * L, a and b of flour and noodle indicate the lightness, redness-greenness and yellowness-blueness of flour and noodle dough sheets for white salted noodles, respectively. † Values followed by the same letters are not significantly different at P < 0.05. Note.
* L, a and b of flour and noodle indicate the lightness, redness-greenness and yellowness-blueness of the flour and noodle dough sheets for white salted noodles, respectively. Note. * L, a and b of flour and noodle indicate the lightness, redness-greenness and yellowness-blueness of the flour and noodle dough sheets, respectively. † NS = not significant.
Two QTLs, Xbarc81 and Xgwm190, were found to be associated with the flour color, and were mapped to chromosomes 1B and 5D, respectively (Table 4 and Figure 2 ). Xgwm190 explained 25.5%, 47.6% and 24.4% of the phenotypic variation (R 2 ) with LOD scores of 4.6, 9.1 and 9.1 for L, a and b, respectively, for the flour from wheat grown in 2012. Xgwm190 also explained 22.2%, 13.3% and 22.8% of the R 2 with LOD scores of 5.2, 4.9 and 9.0 for each color value of flour in the average of two years. Xbarc81 accounted for 7.9% of the R 2 with LOD scores of 3.4 for the b value of flour from wheat grown in 2012. Xgwm190 had negative additive effects on the L value of flour, but positive additive effects on the a and b values. These results indicate that the Keumkang alleles reduced the lightness and increased the redness-greenness and blueness-greenness of the flour from the DH populations, demonstrating decrease of the L value of flour by 0.6 and increase of the a and b values of 0.2 and 0.5, respectively, in the average of two years. (Table 5 ). The 24 Korean wheat cultivars showed genotypes a and b at Xgwm190, a putative QTL for flour and noodle dough sheet color (Figure 3) . Fourteen of the Korean wheat cultivars contained genotype a, which represented homozygous to Keumkang at Xgwm190, while the remaining 10 had genotype b, which indicated homozygous to Olgeuru. The Korean wheat cultivars carrying genotype b showed higher L values of both the flour and noodle dough sheets (93.6 and 85.1, respectively) than those with genotype a (91.6 and 83.5, respectively, Figure 4) . No significant differences were found in the a and b values of flour and noodle dough sheets. Note. * a, and b represent homozygous to Keumkang and Olgeuru, respectively. † L, a and b of flour and noodle indicate the lightness, redness-greenness and yellowness-blueness of the flour and noodle dough sheets, respectively. ‡ Least significant difference (P < 0.05). Figure 3 . PCR products produced from QIAxcel system of QTL, Xgwm190, in 24 Korean wheat cultivars. 1, Ol; 2, Geuru; 3, Dahong; 4, Cheongkye; 5, Suan; 6, Tapdong; 7, Namhae; 8, Uri; 9, Olgeuru; 10, Alchan; 11, Gobun; 12, Keumkang; 13, Baekjoong; 14, Sukang; 15, Jeokjoong; 16, Hanbaek; 17, Goso; 18, Anbaek; 19, Jopoom; 20, Younbaek; 21, Jonong; 22, Jokyung; 23, Dajoong; 24 
Discussion
Color readings are usually expressed as CIE (Commission Internationale I'Eclairage) values, which are record as L value for lightness, a value for redness-greenness and b value for yellowness-blueness (Sun et al., 2002) .
Theoretically, pure white flour should have values of zero for both a and b, and one hundred for the L value (Sun et al., 2002) . Therefore, flour or noodle dough sheets with low values of L and high positive values of a* would result in a gray and dull color (Sun et al., 2002) . Zhang et al. (2009b) proposed that high L and low b values of flour are very important to improve the noodle color for white salted noodles because the b value of noodle dough sheets for white salted noodles was significantly correlated with the L and b values of the wheat flour. Flour color is known to be influenced by both the bran and endosperm color of the grain (Baik et al., 1995; Mares & Campbell, 2001 ). The color of noodle dough sheets is also been affected by the physicochemical properties of the flour used, including flour yield, ash, protein, damaged starch content and protein quality (Feillet et al., 2000; Huo, 2001; Fu, 2008) . These traits are also associated with polyphenol oxidase, which catalyzes the oxidation of phenols to produce dark-colored products, which are related to the discoloration of noodle dough (Baik et al., 1995; Feillet et al., 2000) . There is generally a high correlation between the b value of flour and the yellow pigment content, which is primarily influenced by the levels of carotenoids (Mares & Campbell, 2001) . Several enzymes in the carotenoid biosynthetic pathway, such as catalase (Cat3-A1), lycopene-e-cyclase (e-LYC), phytoene synthase (Psy) and Zeta (ζ)-carotene desaturase (ZDS), have been functionally associated with variation in the b value of flour (He et al., 2008; Howitt et al., 2009; Crawford et al., 2011; Zhang et al., 2011; Crawford & Francki, 2013a , 2013b .
Water absorption of the noodle dough affects the noodle color and sheeting, while the cutting and drying of noodles becomes difficult when there is deviation of the water absorption by over 2% from the optimum (Oh et al., 1986) . The optimum water absorption has been determined by experienced personnel based on the handling properties of noodle dough in the industry, and a fixed absorption for making noodle dough has been used in a laboratory to evaluate noodle-making quality of wheat flours (Park & Baik, 2002) . As shown in our previous report, Keumkang had higher protein, damaged starch content, SDS-sedimentation volume and water absorption of the mixograph than Olgeuru (Ahn et al., 2014) . The color of the flour and noodle dough sheets are influenced by both genotype and environment, including factors such as growing conditions at the grain filling stage, milling process and the manufacturing process of noodles (Parker et al., 1998; Graybosch et al., 2004; Zhang et al., 2009) . Heritability of the L and b values of flour and noodle dough sheets for white salted noodles was also found in DH lines of Australian wheat (Mares & Campbell, 2001) . The flour and noodle dough sheet color showed high heritability and low genotype by environment interactions, which could allow useful QTL detection power in a small sample of environments (Narasimhamoorthy et al., 2006) .
Major QTL associated with the color of flour have been detected on 17 chromosomes for the L value of flour: 1A, 1B, 2A, 2B, 2D, 3A, 3B, 3D, 4B, 4D, 5A, 5B, 5D, 6A, 6B, 7B and 7D; on 15 chromosomes for the a value of flour: 1A,1B, 2A, 2B, 3A, 3D, 4A, 4B, 4D, 5A, 5B, 5D, 6A, 6B and 7B; and on 14 chromosomes for the b value of flour: 1A, 1B, 1D, 2A, 2D, 3A, 3B, 4A, 4B, 4D, 5B, 5D, 6A, 6D, 7A, 7B and 7D (Mares & Campbell, 2001; Kuchel et al., 2006; Howitt et al., 2009; Zhang et al., 2009a Zhang et al., , 2009b Li et al., 2011; Tsilo et al., 2011; Crawford & Francki, 2013b; Zhao et al., 2013 Vol. 7, No. 5; localized at 86.5 on chromosome 1B and at 5.2 cM on chromosome 5D. Zhang et al. (2009a) reported one flanking QTL, Xcfd2226-Xwmc765, detected at 8.0 cM on chromosome 5D for the L value of flour and two flanking QTLs, Xbarc372-Xwmc412.2 and Xwmc215-Xgdm63, detected at 0.1cM and 9.0 cM on chromosomes 1B and 5D for the a value of flour, respectively, in a Chinese DH population. These two flanking markers located on chromosome 5D were closely located with the Xgwm190 QTL detected in this study. Tsilo et al. (2011) reported one QTL, Xbarc130, detected at 0.0 cM on chromosome 5D that affected the L and b values of flour in recombinant inbred lines of hard red spring lines. This marker was near the hardness (Ha) locus on chromosome 5D, which is known to influence endosperm texture and the tightly linked puroindoline genes, Pina and Pinb, functioning as the Ha locus (Morris, 2002) . Li et al. (2011) reported one flanking QTL, Xbarc161-Xbarc144, detected at 4.0 cM on chromosome 5D for the whiteness of flour in recombinant inbred lines of Chinese wheat, although QTLs with significant relation to flour color were not found on chromosomes 1B and 5D. Zhang et al. (2009b) reported that the rye secalin marker Sec1, which identified the 1RS rye chromosome and was associated with 1B/1R wheat-rye translocation, demonstrated an association with the b value of flour and was significantly related to the yellow pigment of wheat flour made from Chinese recombinant inbred lines. Zhao et al. (2013) also reported two flanking QTLs, Xwmc419b-Xcfd20 and Xubc880d-Xswes119a, detected on chromosome 1B which affected the b value of flour from Chinese recombinant inbred lines. They also reported that one flanking QTL, Xswes555b-Xswes558b, and two flanking QTLs, Xswes1061-Xswes340a and XwPt5505-Xgwm182, detected on chromosome 5D affected the L and a values of the flour, respectively. Mares and Campbell (2001) reported that several QTLs detected on chromosomes 1B, 2B, 3B, 5B and 7A in DH populations of Australian wheat lines affected the L and b values of noodle dough sheets for white salted noodles. Zhang et al. (2009b) reported two flanking QTLs, Sec 1-HVM23 and Xwmc809-YP7A, detected on chromosome 1B and 7A, respectively, related to the color of noodle dough sheets for Chinese white salted noodles. This flanking marker was localized near the distal end of chromosome 7A, but Xwmc83 detected herein was localized at 78.5 cM. A QTL for the color of noodle dough sheets for white salted noodles was located on chromosome 5D in this study, while QTLs for the L and b values of noodle dough sheets for yellow alkaline noodles were previously detected on chromosomes 5B, 5D and 7AL in DH populations of Canadian wheat lines (McCartney et al., 2006) . Sadeque and Turner (2010b) found a major QTL for the L value of alkaline noodles on chromosome 2A, with additional QTLs on chromosomes 1A, 1B and 7A. The discoloration of Asian noodles is mainly influenced by polyphenol oxidase activity, which is controlled by two major genes, Ppo-A1 and Ppo-D1, located on chromosome 2A and 2D (Martin et al., 2011) . More specific molecular markers should be applied in Korean wheat breeding programs to improve the color of noodle dough sheets for white salted noodles. The discoloration of the noodle dough sheets and yellow pigments in the flour and noodles should also be considered to improve the acceptance of noodles in the market.
Increasing the brightness of flour and the end-use products has been the most important criteria in Korea, as well as other countries. However, it is a laborious, time-consuming and high-cost process to measure the color of flour and end-use products because large quantities of grains should be milled. Color related traits of flour and the end-use products have generally been evaluated on the advanced stages of breeding populations. Therefore, it is important to accurately predict the color to allow selection of wheat lines with bright color at the early stages of breeding programs. The putative QTL, Xgwm190, could be helpful to select wheat lines with bright color in the Korean wheat breeding population, although validation lines are limited and further fine mapping is needed for application of color-improving traits of flour and end-use products in Korean wheat breeding programs.
